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a b s t r a c t
Tripolar mitosis is a speciﬁc case of cell division driven by typical molecular mechanisms of mitosis,
but resulting in three daughter cells instead of the usual count of two. Other variants of multipolar
mitosis show even more mitotic poles and are relatively rare. In nature, this phenomenon was fre-
quently observed or suspected in multiple common cancers, infected cells, the placenta, and in early
human embryos with impaired pregnancy-yielding potential. Artiﬁcial causes include radiation and var-
ious toxins. Here we combine several pieces of the most recent evidence for the existence of different
types of multipolar mitosis in preimplantation embryos together with a detailed review of the litera-ultipolar mitosis
entrosome cycle
uman embryo time-lapse monitoring
ell–cell fusion
uman papilloma virus
hlamydia trachomatis
ture. The related molecular and cellular mechanisms are discussed, including the regulation of centriole
duplication, mitotic spindle biology, centromere functions, cell cycle checkpoints, mitotic autocorrection
mechanisms, and the related complicating factors in healthy and affected cells, including post-mitotic
cell–cell fusion often associated with multipolar cell division. Clinical relevance for oncology and embryo
selection in assisted reproduction is also brieﬂy discussed in this context.
© 2014 Elsevier GmbH. All rights reserved.ntroduction
haracterization of tripolar and multipolar mitosis
Normally, mitotic cell division occurs in a bipolar manner,
esulting in the formation of two daughter cells with identical
uclear genomes. This polarity is determined by a precise control
f the centrosomal cycle, so that no more than two centrosomes
re simultaneously active during mitosis (Nigg, 2007; Quintyne
t al., 2005).However, in somecells, an excessivenumber of centro-
omes may cause creation of supernumerary spindle poles, which
an result in tripolar or multipolar mitosis, where the chromosome
ontent is driven to three ormore directions at anaphase (Duensing
nd Munger, 2001; Saunders, 2005).
enomic consequences of abnormal mitosisIt was often observed that DNA distribution resulting from a
ultipolar mitosis is highly variable, with frequent nullisomies
n daughter cells. Tripolar mitoses are often correlated with
∗ Corresponding author at: Institute of Telemedicine, Slovak Histochemical Soci-
ty, Jesenna 3, SK04001 Kosice, Slovak Republic.
E-mail address: marek.dudas.sk@gmail.com (M. Dudas).
ttp://dx.doi.org/10.1016/j.acthis.2014.11.009
065-1281/© 2014 Elsevier GmbH. All rights reserved.origination of a near triploid DNA stem line, while tetrapolar
mitoses are more correlated with an increased DNA content, but
not with near tetraploidy (Kotb and Petersen, 2012). Despite this,
the overall combination of the variation in centrosomal number
and structure, asymmetrical DNA distribution and circumvention
of the spindle assembly checkpoint (SAC)may result in anearly ran-
dom redistribution of the chromosomal complement (Gisselsson
et al., 2008). In this review, we discuss the occurrence of multipo-
lar mitosis in various cells, and the known and possible origins and
consequencesof the relatedmechanismsand the resultinggenomic
anomalies.
Occurrence of multipolar mitosis in nature
Tripolar mitosis in plants
So far, plants are the only organisms known to show tripolar
division as an anomaly during the meiotic division (Silva et al.,
2011). A few cases of tripolar division have been reported in plant
microspores (Kindiger, 1993; Boldrini et al., 2006; Felismino et al.,
2008) and the sameanomalyhas been recorded in intoxicatedplant
tissues (Hervas, 1975). It should be noted here that plants typi-
cally do not have centrosomes with centrioles; instead, they create
highly organizedmicrotubule arrays in the absence of a centralized
microtubule organizing center (MTOC) (Hinchcliffe, 2011). Poly-
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related clinical consequences of different types of mosaicism may
strongly vary (resulting, for example in birth defects, physiological
function impairment, dormant cancer potential, etc.). This multi-12 B. Kalatova et al. / Acta His
loidy is a frequent and well-known physiological phenomenon in
lants, while the role of tripolar and multipolar mitosis in plants
emains grossly unclear.
ripolar mitosis in animals
Acytokinetic tripolarmitosis has been proposed as a physiologi-
almechanismof formation of trinucleate trophoblast giant cells in
he bovine placenta (Klisch et al., 1999). Pathological occurrences
nclude most cancers (Lingle et al., 2002; Ghadimi et al., 2000;
aunders et al., 2000), preneoplastic lesions (Chan, 2011), and var-
ous sick and infected cells (Mrak et al., 1995). Experimentally and
herapeutically, tripolar mitosis can be induced by mitotic spin-
le toxins, some of them such as Paclitaxel or Vinblastine are used
n chemotherapy (Demidenko et al., 2008; Speicher et al., 1992;
eviewed by Chan et al., 2012), as well as by radiation doses such as
hose used in the treatment of tumors (Dodson et al., 2007). Mul-
ipolar spindles and centrosomal disorders can be an important
ndicator of adverse prognosis in neoplastic disease (Jin et al., 2007;
tewenius et al., 2007; Yamamoto et al., 2006). However, it is still
nclear to what extent the multipolar mitoses are the cause, or the
onsequence of cancer diseases. Interestingly, recent reports show
strong correlation between a spontaneous occurrence of tripolar
itosis and impaired early embryo development in humans and
nimals (Palermo et al., 1994; Staessen and Van Steirteghem, 1997;
athananthan et al., 1999; Chatzimeletiou et al., 2005; Hlinka et al.,
012).
ripolar cleavage is frequent in diandric or digynic triploid
ygotes
Nowadays, the most advanced approaches to detection and
bservation of tripolar mitosis employ dynamic monitoring
echniques (video-monitoring, time-lapse analysis), which are
ncreasingly used in human assisted reproduction laboratories.
he phenomenon of division of one human zygote to three cells
as described with a frequency of 12.2% under in vitro condi-
ions. These embryos were mostly without cellular fragments and
ith evenly sized and symmetrical blastomeres (Chamayou et al.,
013). Tripronuclear zygotes cleaving directly into three cells were
he most frequently reported examples since the development of
n vitro fertilization (IVF). These zygotes can develop to morpho-
ogically normal morulae, however chromosomally they may be
iploid, triploid, or otherwise defective.
There are several causes forming a zygote with three pronuclei.
uring fertilization, penetration of (i) two haploid spermatozoa
r (ii) a single diploid spermatozoon (as a result of I or II mei-
tic division error) into the oocyte causes diandric triploidy. There
s a 58% risk that the oocyte will be fertilized by two sperma-
ozoa (dispermy) with the majority cases showing the resulting
ygotes containing three pronuclei and the normally extruded sec-
nd polar body. Heightened risk of polyspermy is linked to an early
r late insemination, rupture of the zona pellucida, and insemina-
ion with an abundant number of motile spermatozoa (Yu et al.,
006).
Although diandry was initially thought to be responsible for the
ast majority of triploid embryos, some studies demonstrate that
igyny lies behind more cases of triploidy than previously thought
Baume et al., 2000; McFadden and Langlois, 2000).
Triploidy of maternal origin (digyny) is formed, as in the case of
iploid sperm owing to a failure of division during meiosis I or II.
nother possible cause of digynic triploidy may be endoreduplica-
ionwithin the female pronucleus, which is very rare and not easily
etectable (Rosenbusch, 2008). Tripronuclear zygotes could also
rise during normal physiological fertilization, if the second polar
ody is not extruded. A study by Kola et al. (1987) provided themica 117 (2015) 111–125
ﬁrst evidence that most (18 of 29) fertilized tripronuclear human
oocytes cleaved directly into three cells at the ﬁrst cleavage divi-
sion. These zygotes did not always develop into triploid embryos
and their karyotypes were diverse. The following three types of the
ﬁrst division have been observed: (i) the zygote cleaved to three
cells, or (ii) it cleaved to two cells plus extrusion of the second polar
body, or ﬁnally (iii) it cleaved to two triploid cells. They provided
chromosomal analysis of 10 three-cell embryos directly before the
second cleavage. The results were intriguing with all three cells
within each embryo having a different number of chromosomes.
Moreover, the number of chromosomes in individual cells was ran-
dom.
Embryos containing two pronuclei may divide in a
multipolar manner
For a long time, the three pronuclear content in some zygotes
was considered to be the sole cause of the multipolar defective
way of cell division, until publication of a time-lapse series of pho-
tographs showing a bipronuclear zygotewith two polar bodies (PB)
cleaving directly into three blastomeres (Hlinka et al., 2012). Subse-
quently, we provided evidence for at least two types of the tripolar
mitosis occurrence in early human embryos: (i) at the ﬁrst or (ii)
during the second cell cycle; and a case of tetrapolar mitosis, all in
zygotes with two pronuclei and two PB (Fig. 1a–e; Supplementary
videos can be found in the online version). This observation implies
that in clinical practice, the exclusion of tripronuclear zygotes is
not enough to preventmultipolarmitosis. Currently, detailed time-
lapse monitoring of embryonic morphogenesis is the only reliable
tool for detection of mitotic anomalies, either transitory or perma-
nent.
Embryos showing tripolar mitosis may be otherwise morpho-
logically indistinguishable among all others, and the increased
number of their blastomeres may be mistakenly considered as
the beginning of next mitotic cycle. In addition, mitotic abnor-
malities that arise in early cleavages affect a large portion of the
embryonic cells, while abnormalities that occur at the blastocyst
stage may not have such an impact and cells that are chromosom-
ally abnormal are subjected to apoptosis (Chatzimeletiou et al.,
2005). Accordingly, previous research revealed that 0% out of 18
two-pronuclear zygotes cleaving into three blastomeres reached
the blastocyst stage (Hlinka et al., 2012). Most likely, these defec-
tive embryos are not viable and their transfer would not lead to
pregnancy. On the other hand, in embryos with the tripolar mito-
sis occurring only in the second or later cycles, the consequences
may not be so detrimental (on-going study). We speculate that the
presence of amultipolar spindle and changes in chromosomenum-
ber essentially lead to chromosomal mal-segregation in a certain
portion of blastomeres of such embryos. This may be the cause of
chromosomal mosaicism often observed in many preimplantation
embryos in vitro, and also providing a serious problem during the
PGD procedure, leading to false positive or false negative results.
Subsequently, it is not known if such embryos will eventually give
rise to live newborns, heterogeneous populations of mutant cells
that are genetically and phenotypically diverse may coexist in each
resulting human body. The variability of such populations and thefactorial and complex problem cannot be easily summarized in
this review (see Taylor et al., 2014 for review), and will be sub-
ject to further theoretical and experimental elaboration on this
topic.
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Fig. 1. Normal duplication and pathological cell triplication in human embryos. Time-lapse series of photographs showing bipronuclear zygotes with two polar bodies: (a)
cleaving normally into two cells during the ﬁrst mitosis, or to four cells after the second mitosis, respectively; (b) cleaving abnormally into three blastomeres during the
ﬁrst mitosis; (c) with one blastomere cleaving into three cells during the second mitosis; (d) with tetrapolar cleavage directly into four blastomeres instead of normal 2; (e)
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ithout time-lapse recording). Numbers = time in hours after fertilization by ICSI. S
olecular and cellular mechanisms of impaired mitotic
olarity
mpaired regulation of the centrosomal cycle
During thenormal cell division cycle, the centrosomeundergoes
series of major structural and functional transitions resulting in
ts duplication that are essential for both interphase centrosome
unction and mitotic spindle formation (Fig. 2A). In most cases of
bnormally increasedcentrosomeampliﬁcation, suchanomaliesdo
ot have a clear, immediate or obvious effect on mitosis, and the
xcessive ampliﬁcation may not instantly lead to cell death due to
enomic instability originating from mitotic chaos.
At present, multiple mechanisms have been discussed that can
ead to centrosome ampliﬁcation (Fig. 2). The leading hypothesis
uggests that additional rounds of centrosome duplication dur-
ng one cell cycle produce supernumerary centrosomes (Srsen
nd Merdes, 2006). To prevent defects in centrosome propagation,
heir duplication is regulated by protein complexes containing the
entrosome-associated cell cycle kinases (Hinchcliffe and Sluder,
001). Centrosome ampliﬁcation seems to be favored in cells lack-
ng p53, and requires the activity of Cdk2 in complex with cyclin Ahologically equal cells (indistinguishable from normal cells by human observations
mentary videos can be found in the online article version.
or cyclin E (Fukasawa et al., 1996;Mussman et al., 2000; Kawamura
et al., 2004; Sugihara et al., 2006). Next to overduplication of cen-
trosomes, there have also been reported other centrosome-related
mechanisms causing multipolar spindles (Fig. 2), including forma-
tion of acentriolar MTOCs by the accumulation of pericentriolar
material or splitting of centriole pairs (Pihan et al., 2001; Hut et al.,
2003; Fukasawa, 2005).
As illustrated in Table 1, several structurally distinct protein
kinases have been found to localize at the centrosome, either
transiently or throughout the cell cycle. These kinases jointly coor-
dinate the ﬁdelity and timing of individual centrosomal functions,
including microtubule–kinetochore attachment, proper spindle
assembly, separation of sister chromatids, as well as the entire
cytokinesis (Ma and Poon, 2011).
Members of the cyclin-dependent kinase (Cdk) family play a
cardinal role, not only in cell cycle progression, but also in regu-
lation of the centrosome are included. In particular, Cdk2 has been
shown to be required for centrosome duplication in embryonic and
somatic cells (Hinchcliffe et al., 1999; Lacey et al., 1999; Mayor
et al., 1999; Meraldi et al., 1999). Furthermore, Cdk1 (p34cdc2)
plays a role in early mitosis in both recruitment of proteins to the
centrosome (Blangy et al., 1995) and modiﬁcation of microtubule
114
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Table 1
Abbreviated summary of major centrosome-related protein kinases in humans. Key protein kinases involved in regulation of mitosis and the related checkpoints are shown. Kinases with widely pleiotropic functions are only
mentioned in brief, and the full table would exceed the scope of this paper.
Group Protein Functions Literature Database references
Cyclin-
depedent
kinases
CDK1
G2-M transition, G1 progress
and G1-S transition,
centrosome separation,
microtubule dynamics
LIM 2013, Development 140: 3079–93 http://www.genecards.org/cgi-bin/carddisp.pl?gene=CDK1&search=e4b3f1f02e963a9dfe21c787e4c6768a
http://www.ncbi.nlm.nih.gov/pubmed/23861057 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000170312;r=10:60778331-60794852
CDK2
(Essential for meiosis,
dispensable for mitosis),
duplication of centrosomes
and DNA, G1-S transition, G2
progression
LIM 2013, Development 140: 3079–93 http://www.genecards.org/cgi-bin/carddisp.pl?gene=CDK2&search=f6e823973728aec8c3075d39388b14dd
http://www.ncbi.nlm.nih.gov/pubmed/23861057 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000123374;r=12:55966769-55972784
CDK1-
regulating
kinases
CDK7
Activation and formation of
CDK1/cyclin-B, activation of
CDK2/cyclins, subunit of the
CDK-activating kinase complex
FISHER 2005, J Cell Sci 118: 5171–80 http://www.genecards.org/cgi-bin/carddisp.pl?gene=CDK7&search=8a64d6d2119c98ada978c845df2abbea
http://www.ncbi.nlm.nih.gov/pubmed/16280550 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000134058;r=5:69234841-69277430
MYT1
Negative regulation of G2 to M
transition by phosphorylation
of the CDK1 kinase
BOOHER 1997, J Biol Chem 272: 22300–6 http://www.genecards.org/cgi-bin/carddisp.pl?gene=MYT1&search=4997bf895c5c365d82e65bacb20bfb83
http://www.ncbi.nlm.nih.gov/pubmed/9268380 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000196132;r=20:64151791-64242253
WEE1
Negative regulation of G2 to M
transition by phosphorylation
and inactivation of cyclin
B1-complexed CDK1
MAHAJAN 2013, Trends Genet 29: 394–402 http://www.genecards.org/cgi-bin/carddisp.pl?gene=WEE1&search=1e18f7111f0fdc1484ceb2d0d4cb18ce
http://www.ncbi.nlm.nih.gov/pubmed/23537585 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000166483;r=11:9573681-9593457
Polo-like
kinases
PLK1
G2/M transition, centrosome
maturation and spindle
assembly, cohesin removal,
inactivation of APC/C inhibitors
VAN DE WEERDT 2006, Cell Cycle 5: 853–64 http://www.genecards.org/cgi-bin/carddisp.pl?gene=PLK1&search=b00892c20e5ac1d0dca9ba650f41cb45
http://www.ncbi.nlm.nih.gov/pubmed/16627997 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000166851;r=16:23677656-23690367
PLK3
Entry into S phase and
cytokinesis, Golgi disassembly,
DNA damage response
VAN DE WEERDT 2006, Cell Cycle 5: 853–64 http://www.genecards.org/cgi-bin/carddisp.pl?gene=PLK3&search=ef2cf53e3ac69ba8bf73c56c72ae7d5b
http://www.ncbi.nlm.nih.gov/pubmed/16627997 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000173846;r=1:44800225-44805990
Aurora
kinases
Aurora A
Mitotic spindle formation,
centrosome duplication,
separation and maturation,
role in SAC and cytokinesis
NIKONOVA 2013, Cell Mol Life Sci 70: 661–87 http://www.genecards.org/cgi-bin/carddisp.pl?gene=AURKA&search=337f18e7fd62519a54756fb4da2ad37b
http://www.ncbi.nlm.nih.gov/pubmed/22864622 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000087586;r=20:56369389-56392337
Aurora B
Spindle assembly, bipolar
attachment of spindle
microtubules to kinetochores,
cleavage furrow formation,
cytogenesis
HOCHEGGER 2013, Open Biol 3: 120–85 http://www.genecards.org/cgi-bin/carddisp.pl?gene=AURKB&search=3098e1e299796c270e33707f040eccb7
http://www.ncbi.nlm.nih.gov/pubmed/23516109 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000178999;r=17:8204733-8210600
Aurora C
Chromosome alignment and
segregation,
chromatin-induced
microtubule stabilization,
spindle assembly
HOCHEGGER 2013, Open Biol 3: 120–85 http://www.genecards.org/cgi-bin/carddisp.pl?gene=AURKC&search=7043500391c5be1185c8994b8b934c51
http://www.ncbi.nlm.nih.gov/pubmed/23516109 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000105146;r=19:57230802-57235548
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Table 1 (Continued)
Group Protein Functions Literature Database references
NIMA-
related
kinases
NEK2
Centrosome separation,
bipolar spindle formation,
NEK11 activation in
G1/S-arrested cells
FRY 2012, J Cell Sci 125: 4423–33 http://www.genecards.org/cgi-bin/carddisp.pl?gene=NEK2&search=692c67a1efb0a4d702fbcc6452363ade
http://www.ncbi.nlm.nih.gov/pubmed/23132929 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000117650;r=1:211658657-211675630
NEK11
G2/M checkpoint response
to DNA damage
FRY 2012, J Cell Sci 125: 4423–33 http://www.genecards.org/cgi-bin/carddisp.pl?gene=NEK11&search=f57e7d290b4e6d8b6c092c071b44c04b
http://www.ncbi.nlm.nih.gov/pubmed/23132929 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000114670;r=3:131026850-131350465
DNA-
damage
check-
point
kinases
ATM
Activation of checkpoint
signaling upon double
strand breaks, apoptosis
and genotoxic stresses,
possible tumor suppressor
JAEHNIG 2013, Cell Reports 4: 174–88 http://www.genecards.org/cgi-bin/carddisp.pl?gene=ATM&search=c19224965cf3d278c109e862bd0f61b4
http://www.ncbi.nlm.nih.gov/pubmed/23810556 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000149311;r=11:108222484-
108369102
ATR
Activation of checkpoint
signaling upon genotoxic
stresses or DNA replication
stalling, regulation of
centrosome duplication
JAEHNIG 2013, Cell Reports 4: 174–88 http://www.genecards.org/cgi-bin/carddisp.pl?gene=ATR&search=71b73dd6741a66d75ca45935b83622e6
http://www.ncbi.nlm.nih.gov/pubmed/23810556 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000175054;r=3:142449235-142578826
CHK1
Checkpoint-mediated cell
cycle arrest and activation
of DNA repair in response
to the presence of DNA
damage
JAEHNIG 2013, Cell Reports 4: 174–88 http://www.genecards.org/cgi-bin/carddisp.pl?gene=CHEK1&search=848ea8bb1121ee393ad72ae0d412d8d2
http://www.ncbi.nlm.nih.gov/pubmed/23810556 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000149554;r=11:125625136-
125676255
CHK2
Cell cycle checkpoint arrest
and activation of DNA
repair due the DNA-double
strand breaks, tumor
suppressor protein
JAEHNIG 2013, Cell Rep 4: 174–88 http://www.genecards.org/cgi-bin/carddisp.pl?gene=CHEK2&search=e79a26fb83f057113598e77ab0b1983d
http://www.ncbi.nlm.nih.gov/pubmed/23810556 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000183765;r=22:28687743-28742422
P38 MAPK
Cascades of cellular
responses evoked by
extracellular stimuli
leading to direct activation
of transcription factors
ZARUBIN 2005, Cell Research 15: 11–18 http://www.ncbi.nlm.nih.gov/gene/42866
http://www.ncbi.nlm.nih.gov/pubmed/15686620 http://www.genecards.org/cgi-bin/carddisp.pl?gene=MAPK14&search=ce787d610e44cd39bd208a2e93990a44
MAPKAPK2
G2/M checkpoint control,
DNA damage response,
chromatin remodeling,
reorganization of the
cytoskeleton
MANKE 2005, Mol Cell 17: 37–48 http://www.genecards.org/cgi-bin/carddisp.pl?gene=MAPKAPK2&search=f491da189a0042140fd28fe5ab15aa99
http://www.ncbi.nlm.nih.gov/pubmed/15629715 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000162889;r=1:206684944-206734283
Akt/PKB
Regulation of cell survival
and growth
SONG 2005, J Cell Mol Med 9: 59–71 http://www.genecards.org/cgi-bin/carddisp.pl?gene=AKT1&search=fe0d872c4ea3e7d9f07488fc82841cc8
http://www.ncbi.nlm.nih.gov/pubmed/15784165 http://www.ensembl.org/Homo sapiens/Transcript/Summary?db=core;g=ENSG00000142208;r=14:104793513-
104795044;t=ENST00000553797
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Table 1 (Continued)
Group Protein Functions Literature Database references
Spindle-
assembly
checkpoint
kinases
BUB1
Spindle-assembly checkpoint
signaling and correct
chromosome alignment
BOLANOS-GARCIA 2011, Trends Biochem Sci 36:
141–50
http://www.genecards.org/cgi-bin/carddisp.pl?gene=BUB1&search=78a376daad5050f244eebff7ae2eb8e0
http://www.ncbi.nlm.nih.gov/pubmed/20888775 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000169679;r=2:110637698-
110678114
BUBR1
Mitotic checkpoint member,
regulation of the APC/C and
kinetochore activity,
suppression of centrosome
ampliﬁcation
BOLANOS-GARCIA 2011, Trends Biochem Sci 36:
141–50
http://www.genecards.org/cgi-bin/carddisp.pl?gene=BUB1B&search=92b851e7332840cdb486b5faa9e94539
http://www.ncbi.nlm.nih.gov/pubmed/20888775 http://www.ensembl.org/Drosophila melanogaster/Gene/Summary?db=core;g=FBgn0263855;r=2R:1856600-
1862122;t=FBtr0086032
MPS1
(TTK)
Mitotic checkpoint member,
essential for chromosome
alignment
LIU 2012, Annu Rev Biochem 81: 561–85 http://www.genecards.org/cgi-bin/carddisp.pl?gene=TTK&search=3089a3ff87d4e37ccfbe0dae2cd0d8d2
http://www.ncbi.nlm.nih.gov/pubmed/22482908 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000112742;r=6:80003887-80042527
Other
kinases
CK2
Regulation of cell cycle
progression, apoptosis and
transcription, as well as viral
infection
LITCHFIELD 2003, Biochem J 369: 1–15 http://www.genecards.org/cgi-bin/carddisp.pl?gene=CSNK2A1&search=3be83dcd6ef94ae2edc9727a1bb52d9c
http://www.ncbi.nlm.nih.gov/pubmed/12396231 http://www.genenames.org/cgi-bin/gene symbol report?q=data/hgnc data.php&hgnc id=2457
C-TAK
Speciﬁc phosphorylation of
microtubule-associated
proteins
BACHMANN 2004, J Biol Chem 279: 48319–28 n/a
http://www.jbc.org/content/279/46/48319.short n/a
ERK2
Initiation and regulation of
mitosis, meiosis and
cytoskeletal rearrangements,
role in the spindle assembly
checkpoint
MELOCHE 2007, Oncogene 26: 3227–39 http://www.genecards.org/cgi-bin/carddisp.pl?gene=MAPK1&search=e64b5f8a4c9c61082b4d0780664c293f
http://www.ncbi.nlm.nih.gov/pubmed/17496918 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000100030;r=22:21754500-21867680
Greatwall
Role in M phase as a regulator
of mitosis entry and
maintenance, checkpoint
recovery after DNA damage
LORCA 2013, Oncogene 32: 537–43 http://www.genecards.org/cgi-bin/carddisp.pl?gene=MASTL&search=3076a83e2f0dfc2989254c86caac5993
http://www.ncbi.nlm.nih.gov/pubmed/22469975 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000120539;r=10:27154824-27186924
Haspin
Proper chromatid cohesion,
metaphase alignment and
normal progression through
the cell cycle
HIGGINS 2010, Chromosoma 119: 137–47 http://www.genecards.org/cgi-bin/carddisp.pl?gene=GSG2&search=b5aabfbcae23c886f5c451fec8e6f1b9
http://www.ncbi.nlm.nih.gov/pubmed/19997740 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000177602;r=17:3723903-3726699;
t=ENST00000325418
ILK
Role in cell
prolifera-
tion
FIELDING 2009, Cancer Metastasis Rev 28: 99–111 http://www.genecards.org/cgi-bin/carddisp.pl?gene=ILK&search=7cda3b3d1627ed9fd078d1fc2f1f23fa
http://www.ncbi.nlm.nih.gov/pubmed/19153670 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000166333;r=11:6603708-6610874
LATS2
Negative regulation of G1/S
transition, role in centrosome
duplication, tumor suppressor
protein
LI 2003, Oncogene 22: 4398–405 http://www.genecards.org/cgi-bin/carddisp.pl?gene=LATS2&search=614c90233c24afed5c4f1b5125cc6e74
http://www.ncbi.nlm.nih.gov/pubmed/12853976 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000150457;r=13:20973032-21061547
PAK
Regulation of mitosis and
cytoskeleton dynamics
ONG 2011, Oncotarget 2: 491–6 http://www.genecards.org/cgi-bin/carddisp.pl?gene=PAK1&search=48bf757ddfb5e5392a77b6bb5a736d4c
http://www.ncbi.nlm.nih.gov/pubmed/21653999 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000149269;r=11:77321707-77474635
PIM1
Stimulation of cell cycle
progression at the G1-S and
G2-M transitions,
proto-oncogene protein
MERKEL 2012, Expert Opin Investig Drugs 21:
425–36
http://www.genecards.org/cgi-bin/carddisp.pl?gene=PIM1&search=93b26eb7496fb2a10d59a398de375fde
http://www.ncbi.nlm.nih.gov/pubmed/22385334 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000137193;r=6:37170203-37175426
pEg3
Regulation of cell cycle and
apoptosis, centrosomal
function
TASSAN 2004, Biol Cell 96: 193–9 http://www.genecards.org/cgi-bin/carddisp.pl?gene=MELK&search=22462eabd7cfd152b191509ba63af554
http://www.ncbi.nlm.nih.gov/pubmed/15182702 http://www.ensembl.org/Homo sapiens/Gene/Summary?db=core;g=ENSG00000165304;r=9:36572862-36677683
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ynamics (Verde et al., 1992). Apart from the Cdks, other families of
rotein kinases have also been implicated in controlling the centro-
ome cycle such as the Polo- andNIMA-like kinases, Aurora-related
inases, as well as the other kinases (Ma and Poon, 2011).
Variation in centrosomal number and structure found in polar-
ty affected cells have been associated with impaired function of
everal signaling pathways in the cell cycle, such as inactivation
f BRCA1 (Xu et al., 1999; Deng, 2001), BRCA2 (Tutt et al., 1999),
P53, RB1 (Iovino et al., 2006; Shinmura et al., 2007) and CDKN1A
roteins (Duensing et al., 2006), as well as AURKA overexpression
Zhou et al., 1998). Through cyclin E (CCNE) and polo-like kinase 4
PLK4), centrosomal defects have also been associated with expo-
ure to viral carcinogens, mainly with high risk papilloma viruses
Duensing et al., 2000, 2007; Korzeniewski et al., 2011).
nfections and multipolar mitosisIt has beenknown formanyyears that expression of certain viral
rotein(s) can inducemitotic errors. This correlationwas conﬁrmed
or human adenovirus type 5 (Murray et al., 1982), human papillo-
avirus (HPV) (Winkler et al., 1984), or more recently hepatitis B
ig. 2. Mechanisms of pathological multiplication of centrioles and mitotic poles. (A) N
hem grows its own duplicate (light blue), resulting in two pairs of centrioles. Centriole d
other centriole): one of the two mother centrioles replicates normally, while the other
istribution in mitosis = 2:2:1. (C) Tripolar mitosis – scenario 2 (surplus duplication of dau
he S phase, thus forming a tripolar spindle. Centriole distribution in mitosis = 2:2:2. (D
uplicate normally, but one resulting pair does not hold together, and two spindle poles a
esulting in a tripolar spindle. Centriole distribution in mitosis = 2:1:1. (E) Tripolar mitosis
uplicate normally, but an additional microtubule-organizing center (MTOC) emerges as
ddition to two normal centrosomes, resulting in a tripolar spindle. Centriole distribution
scenario 1 (centrosome clustering): Bipolar spindle is formed in a presence of multiple
:6, 2:6, etc.). (For interpretation of the references to color in this ﬁgure legend, the reademica 117 (2015) 111–125 117
virus (HBV), that plays a critical role in liver carcinogenesis (Forgues
et al., 2003). Furthermore, cervical cancer in patients previously
infected by HPV has been epidemiologically linked to chlamyd-
ial infections causing mitotic spindle pole defects (Knowlton et al.,
2011).
Human papilloma virus (HPV)
Considerable interest is currently raised by infection with high
risk human papilloma viruses (HPVs) such as HPV16, followed by
HPV18, HPV31 and others (Zur Hausen, 2002), that are closely
related with squamous cell carcinomas of the anogenital tract and
certain types of oropharyngeal carcinomas. Lesions caused by the
presence of HPV frequently show multipolar mitoses and aneu-
ploidy (Korzeniewski et al., 2011). This small, non-enveloped DNA
virus expresses three principal oncoproteins: E5, E6 and E7 (Gao
andZheng,2010).Oneof themHPV16E7 is themostdangeroushigh
risk HPV oncoproteins, which has shown its capability to induce
centriole ampliﬁcation (centriole ﬂowers) through deregulation
of polo-like kinase 4 expression (Korzeniewski et al., 2011), and
ormal mitosis: a pair of mother centrioles (dark) splits in two parts and each of
istribution in mitosis = 2:2. (B) Tripolar mitosis – scenario 1 (surplus duplication of
one gives rise to two daughter centrioles, thus forming a tripolar spindle. Centriole
ghter centriole): one of the normally duplicated centrioles duplicates again during
) Tripolar mitosis – scenario 3 (surplus single-centrioled centrosome): centrioles
re organized around the two orphan centrioles in addition to a normal centrosome,
– scenario 4 (surplus MTOC without centrioles – “empty centrosome”): centrioles
a standalone body of pure “empty” pericentriolar matrix (i.e., without centrioles) in
in mitosis = 2:2:0. (F) Rescue mechanism for reverting tripolar mitosis into normal
centrosomes. Centriole distribution in mitosis = 2:4 (may vary in other cases, e.g.,
r is referred to the web version of the article.)
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herefore causing multipolar mitotic spindle formation resulting in
enomic instability (Nguyen et al., 2008).
HPV16 E6 is an additional high risk HPV oncoprotein, which acts
long with E7 in the multipolar mitosis induction. The increase
n the number of abnormal centrosomes was signiﬁcantly higher
n cells where E6 and E7 were expressed together. Nevertheless,
PV16 E6 itself has no immediate impact on the centrosome and
ts overduplication (Duensing et al., 2000). Surprisingly, dynein has
ot been observed at mitotic spindles in several cancer cells as a
esult of HPV16 E7 expression. This consequence is associated with
ncreased incidence of multipolar mitosis, drawing attention to
ynein as an important tool in supernumerary centrosome aggre-
ation. On the other hand, there are cells dividing in a multipolar
anner characterized by normal dynein staining which suggests
hat delocalization of dynein by HPV16 E6 and E7 oncoproteins is
ot enough for generation of multipolar mitosis. Also vice versa,inued)
multipolar mitosis can develop in cells with dynein localized at
both spindle poles (Nguyen et al., 2008).
Both oncoproteins HPV16 E6 and E7 are regarded responsi-
ble for disturbances in p53 and pRB tumor suppressor pathways.
While centrosome duplication cycle begins to be dysfunctional and
enables additional duplication of centrosomes per mitosis resulted
from the expression of E7 (Nguyen et al., 2008), the expression of
E6 causes inactivation of p53 tumor suppressor protein avoiding
the arrest of cells at the G1/S transition. Thus, centrosome abnor-
malities related to HPV16 E6 oncoprotein mimic the same as the
resulted of the lack of p53 function (Duensing et al., 2000).
Another oncoprotein HPV16 E5 – meets all the criteria of fuso-
genic proteins, which means localization to the plasma membrane,
high level of hydrophobicity, and the ability to formdimers (Zerfass
et al., 1995). Through cell–cell fusion, HPV16 E5 was found to be
necessary and sufﬁcient for the formation of tetraploid cells, which
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re frequently found in precancerous cervical lesions (Hu et al.,
009). Also, there is a possibility that E5 plays a role in early steps of
PV infection to protect infected cells from apoptosis (Venuti et al.,
011).
In HPV-related tumors, many pseudobipolar mitoses with cen-
rosomes clustered together have been observed. Furthermore, the
umber of pseudobipolar anaphases was signiﬁcantly higher than
ripolar ones. Therefore, it has been proposed that pseudobipolar
itosis contributes to chromosomal instability to a large extent.
nother fact making this proposition relevant is that many of the
ripolar metaphases are not able to continue through the end of
itosis, thusbeinganunlikely causeof chromosomalabnormalities
Duensing et al., 2008).
hlamydia trachomatis
There is a confounding factor interferingwith centrosomal clus-
ering in HPV-infected cells, which is the unique and dominant
nteraction of Chlamydia with the host microtubules through the
ynein motor protein (Matsumoto et al., 2003; Grieshaber et al.,
006). C. trachomatis is a Gram-negative obligate intracellular bac-
erium that trafﬁcs along microtubules to the MTOC in order to
stablish an intracellular niche within the host cell (Grieshaber
t al., 2006). The chlamydial inclusion localized to MTOC is in
ight association with cellular centrosomes, even through mitosis
nd causes a signiﬁcant increase in abnormal spindle poles, super-
umerary centrosomes, and chromosomal segregation defects
Grieshaber et al., 2006). Chlamydiae have been reported tohaveno
ffect on the cell cycle, but infection could lead to defects in cytoki-
esis (Greene and Zhong, 2003; Greene et al., 2004; Knowlton et al.,
011).
entrosome clustering operates as a rescue mechanism to
revent multipolar division
Initially, it was thought that multipolar cell divisions always
ail to achieve bio-orientation because the great majority of tripo-
ar spindles formed in cells contained metaphase plates that were
haped like a ‘Y’ or a ‘T’ (Sluder et al., 1997). Nowadays, we
now that the mechanism of centrosome clustering is generally
sed by cells with extra centrosomes to avoid multipolar divi-
ions, which usually have fatal consequences for cells. The cells
an proceed through bipolar mitosis by aggregating their supernu-
erary centrosomes into two spindle poles, thus giving rise to two
aughter cells. Themainobjectiveof thisprocess is to enable cells to
ivide successfully despite the presence of additional centrosomes
Kramer et al., 2011).
Although centrosome clustering seems to be a general rescue
echanism favoring bipolar spindle assembly when redundant
entrosomes arepresent, the efﬁciencyof clustering is very variable
n transformed cultured cells (Marthiens et al., 2012). Moreover,
here are cells in our body having extra centrosomes either tran-
iently or permanently (Faggioli et al., 2011), which may imply
hat centrosome ampliﬁcation is tolerated in a healthy organism.
nterestingly, the clustering pathways are not essential in cells
ontaining normal number of centrosomes and that is why the
lustering process itself seems to be a very promising cancer cell-
peciﬁc therapeutic target (Korzeniewski et al., 2011).
Centrosome clustering can occur via at least two distinct path-
ays: (i) spindle-related pathway or (ii) by actin-generated forces
n response to environmental stimuli. Both mechanisms cooperate
nder tissue culture conditions, but the situation may be different
n vivo where the cells can use one of the ways depending on their
hape and environment (Gergely and Basto, 2008). Thus, it appears
hat cell shape, cell polarity, and adhesion effects have a strong
nﬂuenceonspindlemultipolarity. Forexample, if cellswith surplusmica 117 (2015) 111–125 119
centrosomes are plated on a bar-shaped adhesive pattern printed
on surfaces of culture vessels, a distinguishable accumulation of
actin is observed at the two cell poles resulting from cell elongation
along theadhesionsites, and the incidenceofbipolar spindle forma-
tion is signiﬁcantly enhanced (Thery et al., 2007; Kwon et al., 2008).
On the other hand, disk-shaped adhesion patterns induce the for-
mation of actin cloud without apparent polarity (Fink et al., 2011),
while Y-shaped micropatterns induce the formation of three main
sites of actin accumulation, pulling on astral microtubules, and
thus, attracting centrosomes to form tripolar spindles (Marthiens
et al., 2012).
The arrangement of actin can be disturbed also by the inﬂuence
of bisphenol A (BPA), which is a widespread industrial compound
found in various human ﬂuids, including follicular ﬂuid (Ikezuki
et al., 2002). BPA exposure causes meiotic arrest of oocytes and
spindle abnormalities both in vitro and in vivo. Depending on
the dose, loosening or elongation of meiotic spindles, as well as
compaction or dispersion of pericentriolar material, have been
described recently (Machtinger et al., 2013).
In accordance, the cell shape abnormalities during mitosis, such
as decrease of the protein moesin linking the actin cortex to the
plasma membrane, result in the formation of aberrant spindles
(Carreno et al., 2008; Kunda et al., 2008; Larson et al., 2010).
All members of the ERM (Ezrin/Radixin/Moesin) protein family
mediate cytoskeletal membrane interactions, also in oocytes. Their
functional disruptions produce dramatic spindle abnormalities
during the exit from MII after fertilization (Larson et al., 2010).
Therefore, we can assume that these disorders could be one of
the causes of tripolar mitosis in early human embryos. Obviously,
defects in the function of the above-described proteins are not
visible on the shape of the oocyte or early embryo, because the
zona pellucida provides a rigid shell to restore the cell shape.
Probably, abnormalities in cell shape can impact on spindle assem-
bly by preventing the proper formation of the Rabl star which
is doughnut-like spatial organization of prometaphase chromo-
somes, important for kinetochore attachment (Kitajimaet al., 2011;
Magidson et al., 2011; Marthiens et al., 2012). During the centro-
some clustering process, most of the multipolar promethaphase
cells bipolarize before the anaphase onset, favoring the establish-
ment of merotelic attachments, in which a single kinetochore is
attached to both spindle poles. It would produce chromosome mis-
segregation due to anaphase lagging chromosomes, as a major
contributor to chromosome instability (Silkworth et al., 2009). Usu-
ally, merotelic attachments are not repaired, because detecting
any kind of microtubule attachment, even if incorrect, can meet
the requirements for successful passing through spindle assembly
checkpoint (SAC) (Cimini et al., 2001).
Cells can wrongly bypass the spindle assembly checkpoint
during tripolar division
Multicolor FISH analysis of early human embryos revealed a
relatively high incidence of postzygotic chromosomal abnormali-
ties. It could be assumed that, as in some invertebrates and lower
vertebrate embryos, cell cycle checkpoints are not fully functional
during early cleavage stage before embryonic genome activation,
which occurs on day 3 at the 48 cell stage. Such insufﬁciency or the
absence of the cell cycle control results in genetic instability similar
to that found in human tumor cells (Delhanty and Handyside,
1995). Therefore, it is possible for abnormal cells in their ﬁrst three
cleavages to exit mitosis creating daughter cells with aberrant
chromosomal constitutions. But the functional SAC operating
at the blastocyst stage acting as a molecular safeguard would
arrest mitosis until the defect is corrected, or the cells could be
eliminated by apoptosis, as in somatic tissues (Rieder and Palazzo,
1992; Musacchio and Hardwick, 2002).
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Table 2
Sister chromatid distribution during tripolar mitosis. Three possible groups of seg-
regation patterns are proposed, based on a simpliﬁedmodel of two chromosomes. A
andBarenon-sister chromatids, e.g., AABB is referring toduplicatedAandduplicated
B present together within a single cell.
Cell #1 (maternal
cell) is AABB
(after S-phase)
Cell #2.1
(daughter cell 1)
Cell #2.2
(daughter cell 2)
Cell #2.3
(daughter cell 3)
Normal mitosis AB AB Not existing
Tripolar
mitosis:
total
disjunction
AB A B
AB B A
A AB B
B AB A
A B AB
B A AB
Tripolar
mitosis:
total non-
disjunction
AABB – –
– AABB –
– – AABB
AA BB –
AA – BB
– AA BB
BB AA –
BB – AA
– BB AA
Tripolar
mitosis:
random
segregation
AA B B
B AA B
B B AA
BB A A
A BB A
A A BB
AAB B –
AAB – B
– AAB B
B AAB –
– B AAB
B – AAB
ABB A –
ABB – A
A ABB –
– ABB A
A – ABB
– A ABB20 B. Kalatova et al. / Acta His
Another point of view, explaining why SAC does not prevent
ultipolar cells from transition through mitosis, is based on the
act that the checkpoint control for metaphase–anaphase tran-
ition does not monitor supernumerary spindle poles or bipolar
pindle symmetry. Animal cells do not have a checkpoint for the
etaphase–anaphase transition independent of the checkpoint
hatmonitors kinetochore attachment to the spindle,meaning that
he SAC is in fact the kinetochore attachment checkpoint (Sluder
t al., 1997). Thus, improper and unstable attachments of kineto-
hores tomicrotubules –merotelic or syntelic are not detectable by
AC, thus allowing the formation of aneuploid cells. On the other
and,merotelic orientation characterized by the absence of tension
etween sister kinetochores is frequent at the beginning ofmitosis,
ndeven if theproteinkinaseAuroraB candetect andeliminate this
ype of anchoring, its function is frequently disrupted by its over-
xpression in various types of tumors leading to genetic instability
Gautschi et al., 2008).
When all kinetochores are attached, the spindle checkpoint
s silenced and the anaphase promoting complex, also called
he cyclosome (APC/C) can become active. APC/C catalyzes ubi-
uitination of an anaphase inhibitor, securin. Through securing
egradation, separin (also called separase) that cleaves the
cc1/Mcd1 subunit of the cohesin complex, is released. This com-
lex is established during DNA replication and maintains the
inkage between sister chromatids, sowhen destroyed, it promotes
eparation of sister chromatids (Zhou et al., 2002). Human sep-
rase residing predominantly around the centrioles is degraded
ncompletely in multipolar mitosis, indicating that multipolar cell
ivisions are really capable of bypassing the spindle assembly
heckpoint. The SAC in vertebrates does not arrest the cell division
ermanently, but there is an option of driving cells through mito-
is by a proteasome-dependent degradation of cyclin B (CCNB), a
egulatory subunit of cyclin dependent kinase 1 (Cdk1) (Brito and
ieder, 2006). This process canexplainhowmultipolarmitosiswith
ncomplete separase degradation may give rise the daughter cells
ith sister chromatids remaining adhered at their centromeres,
esulting in nondisjunction (Table 2) (Gisselsson et al., 2008).
entriole number is mostly conserved during induced
ripolar mitosis
Based on natural observations described earlier, it was expected
hat experimentally induced tripolar cellswould contain six centri-
les and tetrapolar cells would contain eight centrioles, instead of
henormal four centrioles inabipolar cell.Westill donotknowhow
xactly it is in humans, but no evidence of centriole proliferation
as found in induced tripolar mitosis in animal cells (the centriole
umber was conserved). Karna et al. (2011) showed that antimi-
rotubule drugs, such as taxanes andnocodazole, generatemultiple
pindle poles by causing fragmentation of the pericentriolarmatrix
Fig. 2D) and not by producing new centrioles.
Electronmicroscopicanalysis revealed thecentrioledistribution
mong the three spindle poles, usually in a 2:1:1 or 2:2:0 pattern
Fig. 2) in selected Chinese hamster ovary cellswhere tripolarmito-
is was induced by colcemid. This illustrates that centrioles are not
nevitably required to form a spindle pole (Keryer et al., 1984). Also
lieva and Vorobjev (1991) found a centriole distribution in a 2:2:0
attern examining the pig embryo culture cells dividing in tripolar
anner after a nocodazol treatment. The centriole-free pole con-
ained a cloud of electrondense material. Only in one of the seven
ripolar telophases, the 2:1:1: distribution was observed. More-
ver, centrioles in reported cells never formed diplosomes. They
lso investigated two tetrapolar telophases where the centrioles
ere distributed in 2:2:2:0 or 4:2:2:0 manner, respectively.AABB – –
– AABB –
– – AABB
Moreover, mother and daughter centrioles were always dis-
oriented but not separated and thus Alieva and Vorobjev (1991)
concluded that multipolar mitosis arises as a result of the uncou-
pling ofmother centrioles and spindlemicrotubules; thatmay refer
to errors in separase or polo-like kinase 1 (PLK1) activity (Hatano
and Sluder, 2012).
Unfortunately, the question of centriole counts and malsegre-
gation in spontaneously occurring tripolar or tetrapolar mitoses
has not yet been fully or satisfactorily answered in any detailed
study. More work and a systematic approach in chemical induction
andnatural observations areneeded, andadditional electronmicro-
scopic or other ultrastructural evidence for individual underlying
mechanisms will be necessary.
Multipolar mitosis causes micronucleation and
apoptosis-prone hypoploid cells
Multipolar mitosis is often associated with the formation of
chromatin bridges and/or the lagging chromatid, resulting in small
micronuclei creation (Utani et al., 2010). These micronuclei have
been shown in live Chinese hamster cells (Schultz andOnfelt, 1994)
and ﬁxed oral cancer cells (Saunders et al., 2000), both dividing
in a multipolar manner. Utani et al. (2010) found that after the
multipolar cytokinesis, each daughter nucleus may not always be
separated, thus multinucleated cells can be commonly generated.
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heir research revealed that 74% of the tripolar and all of the tetrap-
lar mitoses gave rise to multinucleated cells. In this context, it
ould be speculated that spindle multipolarity in eventual com-
ination with abnormal cytokinesis could explain some cases of
neuploid cell origination. Interestingly, a portion of the described
ultinuclear cells could reach the next mitoses, whereas mono-
uclear cells rising from multipolar mitoses underwent apoptosis
uring the subsequent interphase. Itwas likely that the apoptosis of
ononucleated cells was not a result of speciﬁc gene loss, because
ll the cells had undergone apoptosis, even if they received about
wo-thirds of the genome. Instead, their genomestatus itself,which
as less than diploid, induced the apoptotic response. In order
o discriminate such hypoploid daughter nuclei from micronuclei
hat originate from acentric chromatin, they named them as small
uclei. However, they noticed that the small nucleuswas separated
y cytokinesis into a small cell that either fused with one of the
ister cells or was subjected to apoptosis. This process is charac-
eristic for multipolar mitoses in general and probably serves for
limination of the apparently lagging chromatid (Utani et al., 2010).
ells can fuse together after multipolar mitosis or
ndependently of it
During or after the tripolar division, two of the three daughter
ells mainly fuse shortly after telophase, forming one binucleate
ell (Khodiakov et al., 1989; Alieva and Vorobjev, 1991; Utani et al.,
010).Accordingly, a zygotecleavingdirectly into threecells,where
wo of them subsequently fused together, was reported in human
mbryos. It resulted in a morphologically normal two cell embryo
hatwouldbe routinely scoredas viableunder static scoring criteria
till used in many clinics (Hlinka et al., 2012). Obviously, sponta-
eous cell fusion may also occur independently of tripolar mitosis
physiologically or pathologically, but the cause and molecular
echanisms are still not clear.Most probably, thesemay be related
o changes in the cell membrane properties or/and its microdis-
uptions, or even to cytoskeletal rearrangements. For example,
lastomere merging was observed in frozen-thawed early human
mbryos in all developmental stages (from 2 to 10 cells) but pre-
ominantly in day 2 embryos (Balakier et al., 2000). The authors
onsidered that it was likely that the ﬂuidity of the cell membranes
re changing during embryo development, and perhaps this was
he reason why more fusion had been observed in day 2 than in
ay 3 thawed embryos. On the other hand, it was demonstrated
hat preexistingmembrane defects are required for the initiation of
usion. These can be induced bymanymembrane disrupting agents
uch as polyethylene glycol, electric ﬁeld, freezing and thawing, as
ell as viruses (Hui et al., 1981; Zimmermann and Vienken, 1982;
alakier et al., 2000). At the present time, several oncogenic viruses
re known to induce cell fusion, including papillomavirus (HPV),
epatitis B virus, Hepatitis C virus, Epstein–Barr virus, Kaposi sar-
oma virus and human T-lymphotropic virus type 1 (Duelli and
azebnik, 2007; Hu et al., 2009; Hu and Ceresa, 2009). Recently,
hilagardi et al. (2013) reconstituted cell–cell fusion in anon-fusing
ell line revealing two fundamental conditions for merging: (i) the
resence of transmembrane fusogenic proteins and (ii) the forma-
ion of actin-propelled invasive membrane protrusions. How these
echanisms are linked to multipolar mitosis, remains unclear.
oncluding remarks and future perspectives
mprovements of in vivo cell tracking and advanced imaging
re needed
Current incidental reports, as well as fragmented knowledge
n multipolar cell division, pose many interesting questions andmica 117 (2015) 111–125 121
encourage further studies, especially in connectionwith embryonic
development failure, chromosomal mosaicism, or malignant pro-
gression of cancer. As we continue to investigate further, at least
two methodological tool-kits seem to be of the utmost relevance
in addition to morphokinetic (brightﬁeld time-lapse) imaging: (i)
live cell tracking and (ii) three-dimensional nanoscale imaging.
First it is necessary to carefully observe and analyze the dynamics
and morphology of spontaneous or induced pathological mul-
tipolar mitoses. It has to be done with the equipment for live
cell microscopy, such as time-lapse monitoring described in this
review. Unlike the static observation, recording the whole process
of erroneousdivisions, frameby frame in each cell, reveals unprece-
dented pieces of information. Another promise lies in detailed
examination of key cellular structures and their disorders in associ-
ation with abnormal mitosis. In this regard, it is necessary to create
a bridge between molecular and cellular studies. Full-ﬁeld X-ray
imaging is a valuable tool lying on the border of optical and electron
microscopy. It allows access to 3D structural details of biological
systems at the nanoscale, while keeping the sample close to the
natural state (Mokso et al., 2012; Parkinson et al., 2013).
Translucent organisms are the ideal samples of choice
Elucidation of multipolar mitosis biology could have a strong
impact on biomedical practice, whereas multipolarity is a sus-
pected major source of genomic instability resulting in serious
malignant disorders, developmental diseases and fertility impair-
ment. Unfortunately, such studies prove difﬁcult, since a large
proportion of cells with multipolar spindles in attached cultured
cells would never divide due their own operating safeguard mech-
anisms. In histological sections, the probability of capturing the
multipolar dividing cells in anaphase is extremely small. There-
fore, animal and human early embryos represent a rare and unique
research object to study naturally occurring multipolar mitosis in
real time and in sufﬁcient detail. Otherwise, it is generally difﬁcult
to determine the real frequencies of tripolar and other multipolar
mitoses in individual tissues andcell types.Weshould consider that
the actual frequency of mitotic defects might be substantially dif-
ferent than that actually observed in cultured cells. Detailed studies
on multipolar mitosis in model organisms such as Caenorhabditis
elegansor translucent zebraﬁshembryosare largelymissing todate.
In conclusion, we see that cell triplication is a previously
recognized, but largely overlooked phenomenon, related to socioe-
conomically important health issues such as cancer, infections,
toxicology, or infertility. Recent (re)discovery of this anomaly in
human embryos of infertile couples, where it hampers human
fertility and reproduction, underlines the importance of further
detailed studies in this ﬁeld, especially with the use of the modern
molecular tools and ultraresolution imaging.
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